The kilonova emission observed following the binary neutron star merger event GW170817 provided the first direct evidence for the synthesis of heavy nuclei through the rapid neutron capture process (r-process). The late-time transition in the spectral energy distribution to near-infrared wavelengths was interpreted as indicating the production of lanthanide nuclei, with atomic mass number A > ∼ 140. However, compelling evidence for the presence of even heavier third-peak (A ≈ 195) rprocess elements (e.g., gold, platinum) or translead nuclei remains elusive. At early times (∼ days) most of the r-process heating arises from a large statistical ensemble of β-decays, which thermalize efficiently while the ejecta is still dense, generating a heating rate that is reasonably approximated by a single power-law. However, at later times of weeks to months, the decay energy input can also be dominated by a discrete number of α-decays, 223 Ra (half-life t 1/2 = 11.43 d), 225 Ac (t 1/2 = 10.0 d, following the β-decay of 225 Ra with t 1/2 = 14.9 d), and the fissioning isotope 254 Cf (t 1/2 = 60.5 d), which liberate more energy per decay and thermalize with greater efficiency than beta-decay products. Late-time nebular observations of kilonovae which constrain the radioactive power provide the potential to identify signatures of these individual isotopes, thus confirming the production of heavy nuclei. In order to constrain the bolometric light to the required accuracy, multi-epoch and wideband observations are required with sensitive instruments like the James Webb Space Telescope. In addition, we show how a precise determination of the r-process contribution to the 72 Ge abundance in the Solar System sheds light on whether neutron star mergers can account for the full range of Solar r-process abundances.
Introduction-The gravitational wave emission detected from the binary neutron star merger (NSM) GW170817 by Advanced LIGO [1] triggered a worldwide search for electromagnetic counterparts [2] . Within eleven hours of the coalescence, a fading blue thermal source -dubbed AT2017gfo -was discovered from the nearby galaxy NGC 4993 [3, 4] . The luminosity and evolution agreed with predictions for the light powered by the radioactive decay of heavy nuclei synthesized via the rapid neutron capture process (r-process) in the neutronrich merger ejecta [5] [6] [7] [8] . The presence of luminous visual wavelength ("blue") emission at early times was interpreted by most groups as arising from the fastest outer layers of the ejecta, which contained exclusively light rprocess nuclei with a relatively low visual wavelength opacity [9] [10] [11] . The observed transition of the emission colors to the near-infrared confirmed predictions for the inner ejecta layers containing lanthanide elements, with atomic mass number A > ∼ 140 [8, 12, 13] . The total quantity of the merger ejecta was estimated to be M ej ≈ 0.04 − 0.06M [14] , with the bulk of the mass expanding at velocities of v ej ≈ 0.1 c.
Although evidence exists for the presence of at least some lanthanides in the ejecta of GW170817, the detailed abundance pattern of the nuclei synthesized, and how it compares to those in the Solar System or metal-poor stars, remains less clear. This uncertainty arises partly because of incomplete atomic data for the relevant elements and ionization states, as well as the modeling of radiative transfer. Even with accurate modeling, most kilonova properties at early times are insensitive to the presence of even heavier nuclei, such as the third-peak (A ≈ 195) r-process elements (e.g., gold, platinum) and transuranic nuclei. Lanthanides are only produced in the ejecta when the electron fraction is low Y e < ∼ 0.25 [9, 15] , while even smaller Y e are needed to synthesize heavier isotopes. Whether the ejecta of GW170817 contained such low Y e matter is presently unknown.
Within days after the merger, the radioactive energy input is well-approximated as a power lawq ∝ t −k where k ≈ 1.3 [6, 16] for ejecta with Y e < ∼ 0.3. At these early times, most of the kilonova luminosity is supplied by energy carried by β-decay electrons, which thermalize with high efficiency at high densities [6, 17] . As the ejecta density drops ρ ∝ t −3 over days to weeks timescales, the thermalization efficiency decreases and the number of isotopes contributing to the emission become fewer. Indeed, at sufficiently late times the heating can become dominated by α-decays or spontaneous fission of a handful of nuclei. They release a relatively large amount of energy per decay and their decay products thermalize with higher efficiency than β-decays [17] . The abundances of these isotopes and thus their heating contribution depends on uncertain nuclear physics. Table I in the Sup- plemental Material lists all r-process isotopes with halflives of 10 − 100 days.
At late times the ejecta becomes transparent, entering a "nebular" phase in analogy with those observed starting months after normal supernovae. Uncertainties associated with the ejecta opacity become smaller as it dilutes. However, these are replaced by even larger uncertainties in calculating the nebular spectrum related to the increasing importance of deviations from local thermodynamical equilibrium (see Ref. [18] for a review in the supernova context). Nevertheless, if one could measure the bolometric nebular emission, then (modulo a few possible caveats) it should faithfully track the radioactive decay input and thus would be sensitive to the ejecta composition. Given the small number of isotopes which contribute to the heating rate at late times, one might hope to detect the decay signatures of individual isotopes and their associated yields, in the way that the 56 Ni to 56 Co chain is observed in normal supernovae. As we shall discuss, these signatures could provide the elusive definitive proof that the heaviest nuclei in the universe are synthesized in NSM.
Late-Time Kilonova Heating-The total r-process heating rateQ in the ejecta of total mass M ej and average expansion velocity v ej can be formulated aṡ
It roughly equals the observed bolometric luminosity of the kilonova emission following its peak light, and in particular at late-time after the ejecta becomes opticallythin. In Eq. (1),q i (t) is the radioactive decay energy release rate per unit mass from a decay channel i, including β − -decay, β + -decay/electron capture, α-decay and spontaneous fission. The thermalization efficiency f i (t) is defined by the ratio of the rate of the ejecta specific thermal energy increase toq i (t) due to the thermalization of decay products. We assume that the material contains a Gaussian Y e distribution, characterized by a central value Y e,c and a width ∆Y e . The correspondingq i (t) is calculated using an r-process nuclear reaction network [19] . We adopt f i (t) of β − -decay products based on detailed particle thermalization simulations [17] while we model those of dominating individual nuclei based on the work of Ref. [20] . These represent an important improvement when compared with recent works [21, 22] . Detailed descriptions for the calculation ofq i (t) and f i (t) are given in the Supplemental Material.
Most of the r-process occurs on timescales of < ∼ 1 s and involves extremely neutron-rich nuclei, whose key properties (masses, β-decay half-lives,. . . ) are not yet experimentally measured. The choice of theoretical nuclear physics model can therefore affect significantly the predicted lightcurves (see Ref. [17, 23] for the impact of nuclear mass models on lightcurves for ejecta with Y e < 0.1). Here, we explore this impact for our broader [27] , including uncertainties (grey band) derived from the range of values given in the literature [27] [28] [29] . Also shown are lower limits on the late-time luminosity as inferred from the 4.5 µm detections of AT2017gfo by the Spitzer Space Telescope [30] . range of Y e , using two sets of neutron-capture rates and their reverse photo-dissociation rates [24] which employ, respectively, nuclear masses from the Finite-RangeDroplet-Model (FRDM) [25] and the Duflo-Zuker parameterization with 31 parameters (DZ31) [26] . Fig. 1 shows the inferred bolometric luminosity of AT2017gfo, together with the heating rateQ(t) derived for different values of Y e,c = 0.15, 0.25, 0.35, 0.45, and ∆Y e = 0.04. We have fixed the value v ej = 0.1c but vary the absolute ejecta mass M ej in the range 0.02-0.055 M to match the normalization of the luminosity at ∼ 3-6 days. Note that as we focus on the bulk of the ejecta, we ignore the early time data which most likely originated from a fast-moving component that has different composition and lower mass. For the case of low Y e,c = 0.15, nuclear physics has a stronger impact and thus we show results separately for both the FRDM and DZ31 mass models.
We consider first the higher Y e,c cases. The total heating rateQ(t) with Y e,c = 0.25 (for an assumed M ej = 0.04 M ) tracks the measured L bol (t) relatively well at t < ∼ 10 d and shows a power-law behavior at later times due to the production of a broad range of β-decay nuclei from mass number A ∼ 80 up to the third peak nuclei (A ∼ 195). Given such a large statistical ensemble, at any given time t one can always find a nucleus with a commensurate β-decay lifetime t 1/2 ∼ t which contribute to the heating. This leads to a late-time power-law be- havior ofQ(t).
By contrast, for even higher Y e,c the nuclear abundances can become dominated by a few nuclei, especially at late times, in which caseQ(t) can reflect the exponential decay law resulting in the production of a "bump/dip"-like feature in the lightcurve (see also [15] ). For instance, when Y e,c = 0.35, only nuclei with A < ∼ 100 are abundantly produced. As no nuclei exist with β-decay lifetimes between 10-50 days in this mass range, this results in a clear dip at t ∼ 20 days. For the case of Y e,c = 0.45, the two "bumps" at t ∼ 4 and ∼ 100 days are associated with the decay of 66 Ni and the decay sequence of 56 Ni→ 56 Co→ 56 Fe. Note that in both cases, the resultingQ(t) are compatible with the L bol (t) of AT2017gfo and cannot be ruled out by such comparison (c.f., Ref. [31] which assumed single-Y e models).
The impact of actinides and the nuclear physics uncertainties on the lightcurves is clearly shown by the Y e,c = 0.15 models adopting both the FRDM and the DZ31 masses. Both show enhancement of the late-time lightcurve when compared to the Y e,c = 0.25 curve. This enhancement originates from the additional heating supplied by the α-decay of translead nuclei with 220 < ∼ A < ∼ 230. Among those, four nuclei have α-decay halflives between 1 and 100 days:
222 Rn(t 1/2 = 3.8 days), 223 Ra(t 1/2 = 11.4 days), 224 Ra(t 1/2 = 3.6 days), and 225 Ac(t 1/2 = 10 days, following the β-decay of 225 Ra with t 1/2 = 14.9 days). Their decay chains release a large amount of nuclear energy ∼ 30 MeV (see Table I in Supplemental Material), most of which goes into the kinetic energy of the α particles, that thermalize more efficiently than the β-decay products. These α-decays can therefore compete with the β-decays of many other nuclei at early time (t ∼ 2-6 days) and dominate the heating rate at late times, despite their low abundances. Particularly, the model with DZ31 masses demonstrates that impor- tant consequences can be derived when abundances of these nuclei are at the level of ∼ a few times 10 −5 . First, the enhanced heating from α-decays reduces the required ejecta mass M ej to account for the AT2017gfo luminosity around 3-6 days by roughly a factor of 2. More importantly, it generates a broad "bump"-like feature at t ≈ 6-200 days that is otherwise absent without actinide production. This feature is mostly driven by the A = 225 decay chain due to its effective long t 1/2 (see Fig. 2 ). As no other radioactive nuclei can release similar energy on this timescale, such a feature in future kilonova observations would uniquely point to the production of heavy nuclei up to the actinides in that mass range to the abundance level of a few times 10 −5 . The steepening of the AT2017gfo L bol at t ∼ 10 d, suggests upper limit of < ∼ 10 −5 for the total abundance of translead nuclei with A = 222-225. Assuming the relative abundance ratio of nuclei with A > 220 follows the FRDM model prediction, an upper limit on the U and Th production in GW170817 can be derived as < ∼ 3.5 × 10 −2 M . Similarly, it can also be estimated from the 254 Cf feature discussed later. A future detection of these signatures may likewise be used to determine the U/Th yield.
Beyond the efficient energy deposition from α-decays, the potential importance of spontaneous fission heating was pointed out in Ref. [32] (also see Ref. [21] for a very recent work discussing the impact of 254 Cf fission on the lightcurve). Similar to the α-decay nuclei, whether 254 Cf (or even heavier nuclei) can dominantly contribute to kilonova heating is subject to nuclear physics uncertainties. The production of α-decay nuclei is sensitive to the evolution of the N = 162 subshell closure for Z ∼ 80 while the amount of 254 Cf (and neighboring nuclei) remaining at days is sensitive to the prediction of fission barriers that affect various fission rates of the progenitor nuclei. Within our adopted nuclear input, we do The radioactive decay heating rate powered by the Solar-r abundance distribution for nuclei between Amin and 205. We use two different abundance sets from [36, 37] . See text for discussions.
not find a significant contribution of 254 Cf to the heating rate when averaged over a wide range of Y e (see Fig. 1 for the low abundance of A > ∼ 250). Instead, we explore such an effect by artificially including a fraction Y ( 254 Cf) = 2×10 −6 on top of the model with Y e,c = 0.15 with FRDM masses. Fig. 3 shows that even such a tiny quantity of 254 Cf (t 1/2 = 60.5 days) produces a lightcurve "bump" between 50-300 days. We find that this feature can be distinguished from that due to the late-time radioactive decay of 56 Co(t 1/2 = 77.24 days), due to the very inefficient thermalization of the 56 Co decay products dominated by γ-rays [33] . Note that a future identification of a "bump" feature that does not match the timescale by α-decay or 254 Cf fission discussed above may suggest the production of yet-unknown long-lived superheavy nuclei.
Heating for Solar r-abundances-One can ask the question of whether the GW170817 kilonova is consistent with that expected for ejecta containing r-process nuclei with the Solar abundance pattern. From detailed multiband lightcurve and spectra analyses, the inferred Lanthanide mass fraction was found to be X lan ∼ 10 −3 -10
(see, e.g, Ref. [14, 29, 34] ). Assuming that the GW170817 yield follows the Solar proportions, such low X lan requires the production of all r-process nuclei with additional contributions of trans-iron nuclei Here we look at this question from the viewpoint of comparing the luminosity of AT2017gfo to the radioactive heating rateQ(t), calculated under the assumption that the only heating contribution is from β-decays and that the relative abundances of the unstable nuclei follow that required to populate the Solar abundances between some minimum mass number A min and A max = 205 [35] . We employ two sets of the Solar r-abundances from Ref. [36] (S1) and Ref. [37] (S2). Fig. 4 shows that with A min = 90 or 110, the resultingQ roughly matches L bol of AT2017gfo for M ej 0.04 M . In fact, they closely resemble the model prediction with Y e,c = 0.25 and both S1 and S2 give consistent results. However, such abundance patterns would have X lan > ∼ 0.1, which is inconsistent with spectral modeling of AT2017gfo.
If we instead consider that GW170817 produced the Solar r-process pattern down to a lower mass number A min = 69 in order to reduce X lan , for S1, the resultinġ Q can also be consistent with the L bol of AT2017gfo. Note that it, however, diverges from the A min = 90 or 110 curves beyond 10 d, which can be tested by future events. On the other hand, using S2 abundances, it would require an unlickely large ejecta mass, M ej > ∼ 0.13 M , to account for the L bol . The large difference between the two models arises because S1 includes a similar amount of the 72 Ge as compared with the neighboring nuclei, while S2 gives zero abundance. The only nucleus in the A = 69 − 90 contributing in a major way to the heating is 72 Zn, which has a t 1/2 = 1.94 days, followed by the decay of 72 Ga (t 1/2 = 0.59 days), and release a net β-decay energy of ∼ 3.5 MeV per decay. The β-decay of 72 Zn in S1 gives rise to the bump feature at 2-5 days that is lacking for the S2 abundance set and is responsible for the brightness at this timescale.
Taken together, we conclude that GW170817 may have produced a solar-like r-process yield down to A ∼ 70, if the solar r-process contribution to the 72 Ge abundance is as large as given by S1. However, if future precise determination of the 72 Ge abundance turns out to be much smaller than its neighboring nuclei (as in the S2 compilation), then either a substantial additional heating from A < 69 isotopes (e.g., 66 Ni, see [22] ) would be required to make GW170817 consistent with the Solar abundances, or one would require enhanced lighter nuclei yields in the mass range A ∼ 90 − 130 relative to the heavier nuclei beyond the second peak, when compared to the Solar rabundances, to give X lan < ∼ 0.01. The latter possibility would implicate another astrophysical site being responsible for producing more of the nuclei with A > ∼ 130, if GW170817 is a typical NSM.
Discussion-Our results demonstrate how late-time bolometric kilonova lightcurves can provide an important diagnostic of the nuclear composition of the NSM ejecta. Recently, Ref. [38] reported detections of GW170817 at 43 and 74 days post-merger in the wavelength band centered at 4.5 µm using the Spitzer Space Telescope; the 3.6 µm band was also observed, resulting in nondetections. Interpreted as blackbody emission, the observed colors indicate that the ejecta had cooled by these late times to temperatures < ∼ 1200 K. Unfortunately, the ejecta during the nebular phase will radiate through discrete spectral lines rather than as a blackbody, and so translating these observations into a bolometric luminosity is challenging. Making the very conservative assumption of counting only the luminosity radiated in the de-tected Spitzer band, these lower limits (shown as green points in Fig. 1-4) are not constraining [39] .
Observations of future merger events by, e.g., the James Webb Space Telescope (JWST) could be more promising [30] . For a merger at 100 Mpc, the NIRcam instrument on JWST could detect luminosities in the ≈ 0.6-4 µm band down to a luminosity L NIR ≈ 5 × 10 37 erg s −1 (for a S/N = 10 detection given a 10 4 s integration), sufficient to distinguish various models shown in, e.g., Fig. 1 out to timescales of months. The Mid-Infrared Instrument (MIRI) sensitive in the 5-14 µm band, could constrain the luminosity to L MIR ≈ 2 × 10 38 erg s −1 . We emphasize that well time-sampled observations, which cover as wide an optical/infrared frequency range as possible, will be necessary to constrain the bolometric lightcurve evolution with sufficient precision to distinguish the nuclear physics features discussed here.
A number of uncertainties could affect future nebular measurements, which requires additional theoretical modeling. The ejecta may not radiate the radioactive heating it receives with complete efficiency. Empirically, the lightcurves of Type Ia supernovae faithfully track the radioactive decay input up to several years [40] . However, at later times the situation is less clear; non-thermally excited ions might absorb a large fraction of the radioactive energy, but due to the low density the rate of recombination could be slow and the energy released much later than injection ("freeze-out"; [41] ). Freeze-out sets in on timescales of years in supernovae (see Fig. 7 of Ref. [40] ), which, if occurring at the same density in a NSM, would translate into an even earlier timescale of weeks to months due to their lower ejecta mass and faster expansion speeds. . We also note here again that in the list, there are no nuclei with 10 days < t 1/2 < 50 days for A < 100. If the merger ejecta contains mostly high Y e material such that nuclei with this mass range are primarily produced, a dip feature in the lightcurve around 20 days is expected to be identified as discussed in the paper.
Supplemental Material
Modeling of the r-process and the radioactive decay-To model the r-process heating rateQ in the expanding ejecta of total mass M ej and average expansion velocity v ej , we calculate the radioactive decay energy release rate per unit mass from a decay channel i (including β − decay, β + decay/electron capture, α decay and spontaneous fission),q i , assuming that the material contains a Y e distribution,
where G(Y e |Y e,c , ∆Y 2 e ) is the normalized Gaussian distribution characterized by a central value Y e,c and a width ∆Y e .
As the Y e -dependent heating rateq i (t, Y e ) at the time scale of ∼ 1 − 100 days are completely determined by the abundance distribution of nuclei produced during the r-process nucleosynthesis, the abundances are computed by following the evolution of all nuclear species from high temperature of ∼ 10 GK, when the nuclear composition is given by the nuclear statistical equilibrium, to several Gyr, using an established r-process nuclear reaction network (see e.g., Ref. [19, 24] ).
The reaction network contains all relevant reactions, including charged particle reactions, neutron captures and their inverse reactions, as well as the β − decays, α decays, β + decays/electron captures, and the spontaneous, β-decay induced, and neutron-capture induced fission reactions. For all the theoretical reaction rates of neutron captures and the inverse photo-dissociations, β − decays, α decays, and fissions, we use those documented in [24] . For the experimentally-known decay rates, we adopt the most-updated ones compiled by [45] . Other reactions rates are taken from the JINA Reaclib Database of the Version v2.3 [46] .
The expansion history of the ejecta used in the r-process calculation is modeled by an analytically parametrized form used in Ref. [15] , characterized by the early-time expansion timescale τ dyn and the entropy per nucleon s. For the results shown in the paper, we use τ dyn = 10 ms and s = 10 k B per nucleon, where k B is the Boltzmann constant. The late-time behavior of the heating rates does not sensitively depend on this particular choice of τ and s.
Modeling of the particle thermalization-The fraction of energy from decay products (photons, e ± , α's and fission fragments) converted to heat ("thermalized") in the ejecta depends on the bulk ejecta properties M ej and v ej , and on the type of particle emitted, the emission spectrum of each particle type, and the rate at which the radioactivity produces energy.
We model the thermalization efficiencies of β − decay electrons and γ-rays by interpolating parametrized fits to the results of Ref. [17] , which numerically calculated energy deposition assuming that the energy released by β − decay evolved in time as a power lawq β (t) ∝ t −1.2 . The numerical results were found to be well described by
and
where t is the post-merger time in days. The fit coefficients vary fairly smoothly with ejecta parameters, allowing them to be estimated for combinations of M ej and v ej not directly calculated by Ref. [17] . Table II gives a, b, t γ , and d for each (M ej , v ej ) considered in this work. Figure 5 presents numerical results for electron and γ-ray thermalization from Ref. [17] compared to the best-fit analytic expressions calculated with Eqs. (3) and (4) for select ejecta models similar to those studied here. Also shown are the interpolated f e − (t) and f γ (t) for the models considered in this work. As shown in Figure 5 , f (t) evolves smoothly with bulk ejecta properties, enabling confident interpolation of fit coefficients between models.
The total instantaneous thermalization efficiency for β-decays is then
TABLE I. The decay property of r-process nuclei with half-lives t 1/2 = 10 − 100 days plus selected decays discussed in the main paper (from [43] ). Nuclei that are blocked by long-lived (t 1/2 100 days) preceding isotopes are excluded. Q is the total energy released per decay (chain). Eα, Ee, Eγ are the total kinetic energy per decay (chain) carried by the α, e ± and photons, respectively. For the spontaneous fission of 254 Cf, the kinetic energy EKinetic carried by the fission fragments is taken from Ref. [44] . No data is available for the neutron and photon effective energies but they are expected to be much smaller.
Isotope
Decay channel where the coefficients 0.25 and 0.4 approximate the partition of the decay energy into e − and γ's (with the remaining energy lost to neutrinos, which escape the ejecta without thermalizing). For the results presented in this paper, we do not use the detailed branching information provided in table I. However, this information will be useful for future observations. We find that the energy produced by α-decays and fission is dominated by a handful of decay chains, and therefore does not follow a power-law. Thermalization is sensitive to the form ofq(t) [20] , particularly at the late times we are probing in this paper. Therefore, instead of adopting the results of [17] , we have directly calculated f α (t) and f fiss (t) for the individual nuclei most important for heating by these channels.
The procedure for these calculations is similar to that (4) (right panel) are over-plotted as dotted black lines to demonstrate the validity of the fitting function and the quality of the fit. The thermalization efficiencies for the models in this work (see Table 3 ) are estimated by interpolating fit coefficients as a function of ejecta parameters. The interpolated functions are plotted as dashed colored lines. presented in Ref. [20] . The energy-loss rates for α particles and fission were modeled as power laws (Ė α,fiss ∝ E ζ ), where the power-law index ζ and the coefficient of proportionality were chosen based on the detailed energyloss rates compiled by Ref. [17] . For α-particles, we estimateĖ α = 5 × 10 11 ρ(t) MeV s −1 (ζ = 0), while for fission fragments we findĖ fiss = 4.5 × 10
13 (E fiss /A) × ρ(t) MeV s −1 , where A is the fragment's mass number and ρ is in units of g cm −3 . In both cases, we adopt a uniform density: ρ = 3M ej /4πv
These simplifications allow the analytic expression of a particle's energy evolution with time, given its initial energy E 0 , its birth time t 1 , and the current time t, The instantaneous deposition of energy associated with any particular decay in a decay chain can be solved numerically by calculatinġ
with the associated thermalization efficiency given by
In Eqs. (6) and (7), the lower limit t 1 is the birth time of the oldest particle not completely thermalized at time t, andṅ(t) is the rate of particle emission. In the case of 254 Cf,ṅ(t) is an exponential. Because fission fragment thermalization is sensitive to the fragment's mass and energy, we adopt a simplified model of the 254 Cf fission fragment distribution, in which every fission event produces a heavy and a light fragment whose properties are the most probable values measured by Ref. [44] . The light (heavy) fragment has atomic number, mass number, and kinetic energy 42, 109, and 102 MeV (56, 145, and 80 MeV), respectively. The total f (t) for 254 Cf is an initial energy-weighted sum of f (t) for each fragment.
For α-decays, which generally occur as links in a longer decay-chain and which do not exhibit exponential decay at all times, we calculate number N i (t) of each nucleus in the chain, allowing the determination ofṅ i (t) = N i (t)e −t/τi , where nucleus i has a lifetime τ i . The thermalization efficiency for the entire chain is simply a sum over its constituent α-decays,
Many of the decay chains that produce α-particles also contain nuclei that undergo β − -decay. Because the electrons emitted in these decays have energies that are comparable to those of β-decay electrons from other r -process nuclei emitted at similar times, we consider these electrons as forming part of the β-decay background, and absorb them into the general calculation of β-decay thermalization (Eq. (5)). Figure 6 illustrates the impact of the heating rateq rad on the form of f (t). We show, for an ejecta model with (M ej , v ej ) = (0.01M , 0.1c), numerical results for α particles computed assuming a power-law heating rate, compared to the semi-analytic f (t) for a representative α-decay chain, 223 Ra, calculated as described above. In general, the contribution of partially-thermalized particles emitted at earlier epochs causes f (t) to decrease more slowly thanq rad (t). However, this effect is particularly strong for exponential decays, where the instantaneous energy deposition can actually exceed the instantaneous energy production, leading to f (t) > 1, as shown M ej = 0.01M , v ej = 0.1c 223 Ra chain numerical results,q rad ∝ t −1.2 best fit to numerical FIG. 6 . The effect ofq rad on f (t). The red curve shows the numerical results of [17] for α-particle thermalization assuming power-law heating,q rad ∝ t −1.
2 . An analytic fit to the numerical results, calculated using Eq. 3 (dashed red line), has been used to extend the curve past t = 30 days. (The continual decrease of f (t) for power-law heating is expected analytically, and is not imposed by our choice of fitting function.) For comparison, we plot in blue the thermalization efficiency calculated using Eq. 7 for the α-particles produced by the decay chain originating with 223 Ra, which shows qualitatively different behavior. The two curves begin to diverge around t = 5 days, and the discrepancy increases with time.
in Figure 6 . The exponential (or quasi-exponential) decay rates in the case of 223 Ra result in a less steep decline at intermediate times, and cause f (t) → ∞ as t → ∞. While the position and depth of the local minimum depend on ejecta parameters and the Q-values and timescales of the decays in question, the asymptotic behavior is a robust feature of single-isotope/single-decay chain heating. Despite the asymptotic behavior of f (t) in this regime,q rad (t) × f (t) remains finite at all times and asymptotes to a power-law as t → ∞ [20] , and the time-integrated deposited energy is less than the total radiated energy.
In compositions neutron-poor enough to synthesize 56 Ni, the decay of the 56 Ni daughter 56 Co proceeds via β + decay with a branching ratio of 19%, creating a population of high-energy positrons that carry ∼ 3% of the total decay energy. Most of the energy (79%) is carried by γ-rays, with neutrinos accounting for the remainder. As with electrons, the primary channel for positron energy loss is Bethe-Bloch interactions [47] ; however, as a result of different relativistic corrections to the BetheBloch formula for electrons and positrons, the energy-loss rates for positrons with energies near 1 MeV are slightly higher than those for electrons.
We find that the energy-loss rate for positrons varies roughly as E −1/4 in the energy range of interest. We then calculate the thermalization efficiency of positron energy, f e + (t), as described above for α-particles and fission fragments. The total thermalization efficiency of the 56 Ni → 56 Co → 56 Fe chain is approximately f β + /EC (t) = 0.03f e + (t) + 0.79f γ (t).
